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Abstract
Co-exposure to pesticides and viruses is likely to occur in honey bee colonies. Pesticides
can be present in pollen, nectar, and persist in stored food (honey and bee bread), and
viruses can be highly prevalent in honey bee colonies. Therefore, the present study
describes the influence of chronic co-exposure to thiamethoxam and Chronic bee paralysis
virus (CBPV) on bee survival, virus loads, expression level of immune and detoxication
genes, and pesticide metabolism Experiments were performed on honey bees collected
from a winter apiary with reduced viral contaminations. No synergistic effect of co-exposure
was observed on bee survival, nor on the ability of bees to metabolise the pesticide into
clothianidin. However, we found that co-exposure caused an increase in CBPV loads that
reached the viral levels usually found in overt infections. The effect of co-exposure on CBPV
replication was associated with down-regulation of vitellogenin and dorsal-1a gene tran-
scription. Nevertheless, the observed effects might be different to those occurring in spring
or summer bees, which are more likelyco-exposed to thiamethoxam and CBPV and exhibit
a different physiology.
Introduction
Many studies have provided concurring evidence that several stress factors, acting individually
or in combination, are contributing to honey bee colony losses and the decline of wild pollina-
tors: loss of habitats, global warming, decreased availability of food sources, pesticide use in
agriculture, and spread of parasites and pathogens [1,2].
Among them, viruses are increasingly being investigated as potential causes of honey bee
loss [3–6]. They generally persist in honey bee populations at low levels without clinical signs
until the emergence of overt infections. Besides the parasite Varroa destructor, which multi-
plies and transmits large quantities of Deformed wing virus (DWV), Varroa destructor virus -1,
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and/or Acute bee paralysis virus (ABPV) [7,8] the factors that cause sudden viral outbreaks are
poorly understood. At high levels, viral infections usually cause high worker mortality and/or
colony losses [9–12].
A factor possibly causing viral outbreaks could be exposure to pesticides. Indeed, some pes-
ticides have been found to impair honey bee immune response, and to be linked to honey bee
diseases [13]. Interactive effects between viruses and pesticides of the neonicotinoid family
have already been reported. For instance, increased mortality in honey bee larvae with high
viral loads of Black queen cell virus (BQCV) has been found when these virus-infected bees
were co-exposed to sublethal doses of thiacloprid [14]. Significant increases in DWV loads
have also been found in honey bees co-exposed to the virus and clothianidin [15]. The authors
of this paper also discovered that the honey bees could no longer control the viral replication
because the transcription of the dorsal-1a gene, an NF-κB effector protein involved in the Toll
pathway [16], was inhibited by exposure to clothianidin.
In order to further study the potential role of pesticide exposure on viral loads and more
specifically the transition from covert to overt viral infections in honey bees, we analysed the
effects of co-exposure to the Chronic bee paralysis virus (CBPV) and the neonicotinoid thia-
methoxam. CBPV, which causes chronic bee paralysis [17], is not yet classified, but shows sim-
ilarities to the Nodaviridae and Tombusviridae families [18]. Its genome is made up of two
segments of single-stranded RNA in a non-enveloped anisometric capsid [19]. This virus has
been found to be transmitted horizontally by contact between healthy and sick bees in the hive
[20]. Aside from the hairless black body symptom known since Antiquity, tremors, paralysis,
and inability to fly are the most frequent and characteristic symptoms [21,22]. As a result, a
large amount of dead or paralysed bees can be observed in front of the hives [21,22]. Natural
outbreaks occur sporadically, more frequently in the spring and summer [21]. However, con-
fusion with symptoms of pesticide intoxications [23] can occur [21]. CBPV has been shown to
have neurotropism, and was observed to be present in the mushroom bodies of infected honey
bees, which could cause the specific nervous symptoms [18]. In one study, CBPV was detected
in 28% of apiaries in France [24], but only 2% of colonies were reported to show clinical signs
of the disease [25]. In Europe, various prevalence rates have been reported [26,27] but never
exceeded 28% (in France, in 2004 [24]). In 2015, a one year long survey across Europe showed
a prevalence between 0.60 and 0.92% of clinically infected apiaries, leading to increased winter
(18.92%) and seasonal (4%) mortalities [28]. CBPV loads found in bees from symptomatic col-
onies are significantly higher than in bees from asymptomatic colonies (over 108 equivalent
genome equivalents per bee) [29,30].
Thiamethoxam is a neonicotinoid insecticide commonly used around the world on oil-seed
rape, a crop that is widespread and attractive to honey bees [31,32]. This pesticide has been
reported to be present at various concentrations in the honey bee environment, with for exam-
ple concentrations reaching 13.3 ng/g in nectar from oil-seed rape, and 86 ng/g in pollen from
field margin plants [33]. It has also been detected in hive matrices, at a maximum of 20.2 ng/g
in honey [34], and 53.3 ng/g in stored pollen [35]. Neonicotinoids bind with high affinity to
acetylcholine receptors, altering neuronal signals, which can lead to paralysis and death of the
insect [36]. At sublethal doses, it can have negative effects on homing flights in foragers [37],
and olfactory memory and learning [38]. Chronic exposure has been shown to damage the
brain and gut of Africanized honey bees [39,40]. Thiamethoxam is quickly and readily metabo-
lised into clothianidin, which is also marketed as a neonicotinoid insecticide, also impacting
on insect acetylcholine receptors [36]. Clothianidin has notably been found to inhibit the
honey bee immune system, which in turn can promote the replication of DWV [15,41].
In order to study the effect of co-exposure to CBPV and thiamethoxam, which is likely to
occur in the field but also within colonies through the contamination of hive matrices, we
A neonicotinoid-virus co-exposure in winter honeybees
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monitored honey bee survival and viral loads in a laboratory experiment, after 10 days of
chronic exposure to thiamethoxam (oral exposure) and to CBPV-infected honey bees (contact
exposure). We also selected four genes that are part of immune pathways: vitellogenin, dorsal-
1a, apidaecin (also involved in the production of antimicrobial peptides) and prophenoloxidase
(ppo) from the melanisation pathway [15,42,43]. Finally, we selected three genes that play a
role in detoxication processes: glutathione-S-transferase 3 (gstS3), catalase and cyp6as14
[44,45]. We also investigated whether CBPV infection could impair thiamethoxam metabolisa-
tion to clothianidin, by carrying out a kinetic analysis of pesticide levels in exposed honey
bees. Because DWV, SBV, and CBPV can be transmitted by consumption of contaminated
pollen harvested in the environment by the foragers [46], thus all experiments were performed
with winter bees in order to have a better control of initial viral loads and reduce the risk of
interference from other viruses to a maximum.
Materials and methods
Winter-born honey bees
Experiments were performed with honey bees (Apis mellifera) obtained from three colonies
previously tested negative for CBPV, ABPV, Sacbrood virus (SBV) and DWV, and located at
the ANSES Sophia Antipolis laboratory winter apiary [19] in order to maintain their viral sta-
tus. Colonies in the winter apiary were fed with 50% sucrose syrup prepared in our laboratory
from pure sucrose (D(+)-sucrose, Acros Organics, Fisher Scientific, USA) and water, and pro-
tein paste, also prepared in our laboratory from candy sugar (Apifonda, Su¨dzucker AG, Ger-
many), fructose syrup (Fructoplus, Icko-Apiculture, France), and a commercial mix of
supplemental Saccharomyces cerevisiae, ascorbic acid, and various proteins and minerals (Api-
feed, SINTAL, Italy).
We tested the influence of thiamethoxam and CBPV co-exposure on bee survival, virus
loads and physiology (Experiment 1, February 2016), and on pesticide metabolisation (Experi-
ment 2, March 2017). To obtain bees, frames from three colonies, containing late-stage pupae
were collected and placed in an incubator overnight at 34˚C. Emerging bees were pooled to
minimise colony-borne bias and distributed into cages: 30 bees per cage of about 780 cm3 [47].
Cages were maintained at 34˚C in incubators with a container filled with water at the bottom
to avoid dessication, and bees were fed ad libitum with one feeder containing 50% sucrose
syrup, a second feeder containing 50% sucrose syrup supplemented with 1% protein (Provita’-
Bee, ATZ Die´te´tics, France), and a third containing crystallised sugar paste. Nine days after
emergence, only the 50% sucrose syrup feeders, supplemented with thiamethoxam or not
depending on the conditions, were provided to bees.
Honey bee CBPV exposure
In order to reproduce natural transmission of CBPV, viral exposure was performed by contact
between experimental honey bees and previously CBPV-inoculated honey bees. Five-day-old
bees were first anesthetized using CO2 and then injected through the thorax with 4.0 x 10
4
genome equivalent copies of purified CBPV strain A-79P (accession numbers: EU122229.1
and EU122230.1), according to the previously described protocol [19]. After four days of incu-
bation, five (Experiment 1) or nine CBPV-infected bees (Experiment 2) (depending on the dif-
ficulty of obtaining a high number of bees of the same age for CBPV inoculation) were paint-
marked and used to transmit the virus to nine-day-old honey bees (30 healthy honey bees per
cage). A preliminary experiment had shown that both proportions of infected bees per cage
had comparable effects on survival and viral transmission [48]. The injected bees (marked
bees) died within the first three days, but were not removed, to promote transmission of
A neonicotinoid-virus co-exposure in winter honeybees
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CBPV which remains infectious through physical contact in the cage. Indeed, CBPV is resis-
tant in the environment, including in pollen, faeces, or dead bees [12,20,22,46].
Honey bee thiamethoxam exposure
To carry out pesticide exposure, a standard solution of thiamethoxam at 100 mg/L (prepared
in water) was diluted in 50% sucrose as previously described [48], to obtain final concentra-
tions of 10 μg/L, and 200 μg/L, corresponding to the expected daily doses of 0.25 and 5.0 ng/
bee, respectively [48]. These doses were considered to be field-relevant (see introduction).
Experiment 1: Influence of thiamethoxam and CBPV co-exposure on bee
survival, virus loads and physiology
Nine days old bees were exposed to 50% sugar syrup or 50% sugar syrup supplemented with
thiamethoxam, according to the following six conditions (n = 4 cages per condition): i. Control
bees (bees not exposed to CBPV nor to thiamethoxam); ii. Bees in contact with CBPV-infected
bees; iii. Bees fed with 10 μg/L thiamethoxam-contaminated syrup (about 0.25 ng/bee/day); iv.
Bees fed with 200 μg/L thiamethoxam-contaminated syrup (about 5.0 ng/bee/day); v. Bees co-
exposed to both CBPV-infected bees and 0.25 ng/bee/day of thiamethoxam; and vi. Bees co-
exposed to both CBPV-infected bees and 5.0 ng/bee/day of thiamethoxam.
Feeders were changed and weighed and survival was monitored daily (unmarked dead bees
were removed from the cages). The volume consumed per bee was estimated taking into
account the number of surviving honey bees per cage. At days 5 and 10 post-exposure, 4 whole
cages were sacrificed by dipping each cage in liquid nitrogen, and 8 bees (two bees randomly
selected from four cages) per condition were sampled then stored at -80˚C for analysis of gene
expression levels and viral loads.
Experiment 2: Influence of thiamethoxam and CBPV co-exposure on
pesticide metabolisation
Nine-day-old bees were exposed or co-exposed to CBPV and/or thiamethoxam in the same
way as previously described but in the following conditions: i. Control bees; ii. Bees in contact
with CBPV-infected bees (nine CBPV-infected bees as inoculum per cage); iii. Bees fed 0.25
ng/bee/day of thiamethoxam; and iv. Bees co-exposed to both CBPV-infected bees and 0.25
ng/bee/day of thiamethoxam. Similarly, feeders were changed and weighed daily and survival
monitored. After 1, 5, 10, 12, 15, and 18 days post-exposure, all the bees from each condition
were sacrificed to analyse pesticide residues over time: bees from one cage for Control and
CBPV conditions, and bees from three cages for the 0.25 ng/bee/day of thiamethoxam and the
0.25 ng/bee/day of thiamethoxam/CBPV conditions. At day 18 post-exposure, bees from three
additional cages were sacrificed for each condition with pesticide exposure. These bees were
anesthetised using CO2 gas, and then dissected to remove their rectum, where the pesticide
residues might accumulate [48]. Samples were stored at -20˚C until chemical analysis.
Quantification of thiamethoxam and clothianidin
Neonicotinoid residues in samples (pools of 20 bees) were quantified using liquid chromatog-
raphy with electrospray tandem mass spectrometry (LC-MS/MS), according to the protocol
described by Martel et al. [49]. Briefly, the pesticides were extracted using acetonitrile and liq-
uid partitioning with n-hexane. One clean-up was then performed on a florisil cartridge (1 g, 6
mL) and the extract was analysed by LC-MS/MS.
A neonicotinoid-virus co-exposure in winter honeybees
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Quantification of virus and gene expression levels
Viral RNA was extracted from eight individual bees per condition (two bees randomly selected
per cage) and CBPV loads were measured in each individual honey bee by quantitative PCR
following the protocol described by Schurr et al. [50]. The viral loads were expressed in log10
of genome equivalent per bee (copies/bee).
Eight additional honey bees were randomly selected from each experimental condition, and
total RNA was isolated from each individual bee using TRIzol reagent (Invitrogen, USA)
according to the manufacturer’s instructions. The concentration and purity of total RNA were
assessed by spectrophotometry (Varioskan Flash Spectral Scanning Multimode Reader; Thermo
Fisher Scientific, USA) before being adjusted to the final concentration of 500 ng/μL of RNA.
The expression levels of immune genes (vitellogenin, dorsal-1-a, apidaecin, ppo) and detoxi-
cation genes (gst3, catalase and cyp6as14) were assessed using a StepOneReal-Time PCR Sys-
tem (Life Technologies, USA) based on a SYBR green detection method. The cycle threshold
values of selected genes were normalised to the geometric mean of the housekeeping genes β-
actin and rpL32. Relative gene transcription data were analysed using the 2ΔΔCt method. To
verify that the amplification efficiencies of the target and reference genes (β-actin and rpL32)
[51] were approximately equal, amplifications of five 10-fold dilutions of the total RNA sample
(from 1,000 to 0.1 ng per reaction) were analysed in triplicate. The efficiency plot for Log input
total RNA vs. ΔCt curve had a slope lower than ± 0.1, suggesting there was no excessive fluctu-
ations in the transcription of the reference genes.
Amplifications were performed using the Power SYBR Green RNA-to-Ct 1-Step Kit (Thermo
Fisher Scientific, USA) with the following thermal cycling profiles: one cycle at 48˚C for 15 min
for reverse transcription, one cycle at 95˚C for 10 min, 40 cycles at 95˚C for 15s and 60˚C for 1
min, and one cycle at 68˚C for 7 min. All primer pairs were designed using PrimerExpress 3.0 soft-
ware (Life Technologies, USA) following the standard procedure (S1 Table). Negative (H2O) and
positive controls (previously identified positive samples) were included in each qRT-PCR run.
Statistics
Survival was established using a Kaplan-Meier estimation [52,53], and curves compared with
log-rank tests [54]. Synergistic interactions were tested using a χ2 of compliance test compar-
ing survival measurements obtained for each day with the corresponding calculated expected
measurements [55,56]. Log10-transformed viral loads were analysed using a one-way ANOVA
test followed by Tukey HSD tests [57] or Kruskal-Wallis tests followed by Wilcoxon pairwise
tests with Bonferroni correction if data were not normally distributed (significant Shapiro-
Wilk test). For gene expression analysis, the fold change in ΔCt was calculated using the 2ΔΔCt
method using control conditions as the basic reference. Transcription differences were com-
pared using ANOVAs followed by Fisher’s LSD post-hocs or Kruskal-Wallis tests followed by
Wilcoxon pairwise tests with Bonferroni correction if data were not normally distributed (sig-
nificant Shapiro-Wilk test). Differences were considered significant at p<0.05. Effect size
(Cohen’s d) was calculated according to Cohen [58] and using the R software “effsize” package.
Effect sizes were considered “small” for d<0.5; “medium” for 0.5<d<0.8; and “large” for
d>0.8. Statistical analysis were performed using the software R (Version 3.3.3–2017, Rstudio).
Results
Experiment 1: Influence of thiamethoxam and CBPV co-exposure on bee
survival, virus loads and physiology
CBPV infected bees consumed slightly more sugar syrup than control bees over 10 days (at the
limit of significance, p = 0.05; Fig 1). However, a significant increase in syrup intake was
A neonicotinoid-virus co-exposure in winter honeybees
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observed in bees exposed to thiamethoxam (with or without CBPV) and regardless of the dose
(0.25 or 5.0 ng) (p<0.01 for each condition; Fig 1).
Survival. The statistical analysis of the survival rates separated experimental conditions
into three different groups (Fig 2). The survival rate of bees exposed to the lowest dose of thia-
methoxam (0.25 ng/bee/day) was not different from control bees (p = 0.09; d = 0,6 (medium);
Fig 2). However, bees from both groups exhibited a better survival rate than CBPV-infected
bees (p<0.01 for both conditions, d = 2,4 (large) for Control and 6,5 (large) for bees exposed to
0.25 ng of thiamethoxam) and bees co-exposed to CBPV and 0.25 ng/bee/day of thia-
methoxam (p<0.01 for both conditions, d = 2,04 (large) for Control and 6,5 (large) for bees
exposed to 0.25 ng of thiamethoxam). Finally, bees exposed to the highest dose of thia-
methoxam (with or without CBPV) exhibited the lowest survival rate (p<0.01 when compared
to the other conditions, and all d were superior to 2 (large effect)).
The survival rates found in the co-exposure conditions did not differ from the mortalities
expected from an additive effect of CBPV and thiamethoxam exposure (for both doses;
p>0.05; d<0.5 (small)).
Clinical signs of CBPV infection (trembling bees) have been sporadically observed at the
end of the experiment but were not quantified.
Viral loads. As expected, CBPV levels in control bees were low (mostly under the detec-
tion threshold) and not significantly different from the levels observed in newly-emerged bees
(p = 0.38, d = 0,6 (medium) Fig 3). The CBPV levels of both groups (Day 0 and Control) were
significantly lower than those encountered in bees exposed to both doses of thiamethoxam
Fig 1. Cumulated syrup intake (μL/bee) of bees exposed to CBPV and/or thiamethoxam. Syrup consumption is shown for each condition: Control
bees, CBPV-exposed bees, thiamethoxam-exposed bees (0.25 or 5.0 ng per bee), and bees co-exposed to CBPV and thiamethoxam (0.25 or 5.0 ng per
bee). Means and standard deviations of cumulated intakes are shown (syrup intake is normalised considering honey bee survival in the sampled cages).
The letters indicate significant differences (p<0.05) found at Day 10 post-exposure.
https://doi.org/10.1371/journal.pone.0220703.g001
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(p<0.03 for both groups; d>0,7 (medium) concerning bees exposed to 5.0 ng of thiamethoxam
and d>1 (large) for bees exposed to 0.25 ng of thiamethoxam). Exposure to CBPV-infected
bees induced a significant increase of CPBV in nestmate bees, when compared to control bees
(p<0.01; d = 1,2 (large)), as well as bees exposed to thiamethoxam (p<0.02 for both doses, d =
1,2 (large) for both doses).
Finally, bees co-exposed to the virus and pesticide exhibited the highest viral loads, which
were significantly different from all the other conditions (p<0.05, d�0,8 (large) for all tests).
In addition, for these co-exposure conditions, the CBPV levels at 0.25 and 5.0 ng of thia-
methoxam reached a mean of 1.42 x 108 and 2.08 x 108 copies/bee, respectively, which was
above the threshold known for leading to clinical signs of CBPV disease [29].
Expression level of immune and detoxication genes. The relative changes (compared to
the control bees) in transcription of the six selected genes, three immune-related (Fig 4) and
three detoxication-related (Fig 5), were measured in honey bees after 5 and 10 days of exposure
to thiamethoxam and/or CBPV. Only the transcription level of apidaecin showed no signifi-
cant differences (p>0.05) in any of the conditions (data not shown).
There was no significant effect of exposure to thiamethoxam alone on immunity related
genes after 5 days (Fig 4). After 10 days, vitellogenin, dorsal-1a, and ppo, were significantly
downregulated by the 0,25 ng exposure (p<0.01 for each gene; d>5 (large) for all). Bees
exposed to the 5.0 ng/bee/day dose of thiamethoxam had significantly lower levels of dorsal-1a
only (p<0.01; d = 3.5 (large)). Looking at the effect of thiamethoxam alone on detoxication-
Fig 2. Survival of bees exposed to CBPV and/or thiamethoxam. The survival rate is shown for each condition: Control bees, CBPV-exposed bees, Thiamethoxam-
exposed bees (0.25 or 5.0 ng per bee), and bees co-exposed to CBPV and Thiamethoxam (0.25 or 5.0 ng per bee). Letters show statistical differences between conditions
(p<0.05). Three significantly different groups emerged from the statistical analysis: a) control bees and bees exposed to 0.25 ng/bee/day of thiamethoxam, b) bees
exposed to CBPV alone or co-exposed to 0.25 ng/bee/day of thiamethoxam and CBPV, c) bees exposed to 5.0 ng/bee/day of thiamethoxam or co-exposed to 5.0 ng/bee/
day of thiamethoxam and CBPV.
https://doi.org/10.1371/journal.pone.0220703.g002
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related genes, at day 5 (Fig 5), the transcription of the detoxication gene gsts3 was significantly
up-regulated by thiamethoxam at the dose of 0.25 ng/bee/day as compared to control bees
(p = 0.04; d = 2.1 (large)). Catalase was down regulated (p = 0.044; d = 0,95 (large)). At day 10,
gsts3, cyp6as14 and catalase were significantly downregulated by this same 0.25 ng exposure
(p<0.01 for each gene, excepted for catalase p<0.05; d>3,5 (large) for all). Bees exposed to the
5.0 ng/bee/day dose of thiamethoxam had significantly lower levels of cyp6as14 at day 10
(p = 0.01; d = 0.93 (large)).
Compared to control conditions, CBPV-infected only bees showed reduced transcription
of vitellogenin (p = 0.01; d = 2.2 (large)) 5 days of virus exposure (Fig 4). Transcription of
Fig 3. Viral loads (log10 of the number of copies/bee) in bees exposed to CBPV and/or thiamethoxam. Day 0 corresponds to newly emerged bees, whereas
other measures were performed after 10 days of exposure. The CBPV infection level is shown for each condition: Control bees, CBPV-exposed bees,
thiamethoxam-exposed bees (0.25 or 5.0 ng per bee), and bees co-exposed to CBPV and thiamethoxam (0.25 or 5.0 ng per bee) (n = 8 bees per condition). The
dashed-dotted black line represents the “infection threshold” (108 copies/individual) above which infected honey bees are known to develop clinical signs of
CBPV disease [29]. Different letters show statistical differences between experimental conditions (p<0.05). Box-plots show the distribution of populations, with
first quartile (25%), median (50%), and third quartile (75%) (boxes), minimum and maximum (whiskers) and outliers (circles). The dotted red line shows the
limit of quantification of the method [29].
https://doi.org/10.1371/journal.pone.0220703.g003
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dorsal-1a (p<0.01. d = 0.74 (medium)) and ppo (p = 0.02; d = 2.3 (large)) was reduced after 10
days. CBPV-infected bees had lower levels of catalase and cyp6as14 than control bees at day 5
(respectively p<0.01; d = 3.6 (large), and p = 0.03; d = 3.4 (large), respectively) (Fig 5).
Co-exposure of honey bees to 0.25 ng/bee/day of thiamethoxam and CBPV down-regulated
dorsal-1a after 10 days (p<0.01; d = 0.88 (large)) (Fig 4), compared to control conditions. Co-
exposure to 5.0 ng/bee/day of thiamethoxam and CBPV up-regulated the transcription of vitel-
logenin (p<0.01; d = 3.9 (large)) after 5 days; and dorsal-1a after 10 days (p<0.01; d = 0.92
(large)). Compared to exposure to the pesticide alone, this co-exposure also significantly up-
regulated transcription of vitellogenin compared to thiamethoxam at 5 ng alone (p<0.01; d =
1.7 (large)) at day 10, at day 5 for 0.25 ng (p = 0.03; d = 2.4 (large)). Finally, if we look at the
detoxication-related genes, co-exposure of honey bees to 0.25 ng/bee/day of thiamethoxam
and CBPV down-regulated catalase after 5 days of exposure (p<0.01; d = 4.2 (large)) (Fig 5),
and cyp6as14 (p<0.01; d = 8.7 (large)) compared to control conditions. After 10 days, it down-
regulated cyp6as14 only (p<0.01; d = 1.8 (large)). Co-exposure to 5.0 ng/bee/day of thia-
methoxam and CBPV down-regulated the transcription of catalase (p = 0.01; d = 5.3 (large)),
and cyp6as14 (p<0.01; d = 2.9 (large)) after 5 days.
Fig 4. Fold changes in the expression level of immunity-related genes. Eight bees were randomly sampled from each condition. Data were built using the
2-ΔΔCt method, and shown for day 5 and day 10 post-exposure. Letters show statistically different groups.
https://doi.org/10.1371/journal.pone.0220703.g004
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Experiment 2: Influence of thiamethoxam and CBPV co-exposure on
pesticide metabolisation
Thiamethoxam metabolisation into clothianidin. Control bees as well as thia-
methoxam-exposed bees (with or without CBPV co-exposure) did not exhibit clinical signs of
overt infection.
The level of thiamethoxam and clothianidin were under the limit of detection (LOD =
0.015 ng/bee) in control and CBPV-exposed bees over the course of the experiment. In bees
exposed to 0.25 ng/bee/day of thiamethoxam, the pesticide level remained stable over the
course of the experiment and under 0.15 ng/bee. In contrast, clothianidin levels increased
steadily throughout the experiment, from under 0.05 ng/bee after one day of exposure to
almost 0.35 ng/bee after 18 days (Fig 6). No significant difference was found at any time and
for both pesticides between bees exposed to thiamethoxam and bees co-exposed to thia-
methoxam and CBPV.
Pesticide residue levels in whole bees and bees devoid of rectum. Thiamethoxam levels
between whole bees and dissected bees (rectum excised) did not differ significantly between
groups exposed to thiamethoxam and infected or not with CBPV (p = 0.35 and p = 0.45,
respectively; Fig 7). Clothianidin levels were significantly higher in whole bees than in
Fig 5. Fold changes in the expression level of detoxication-related genes. Eight bees were randomly sampled from each condition. Data were built using the
2-ΔΔCt method, and shown for day 5 and day 10 post-exposure. Letters show statistically different groups.
https://doi.org/10.1371/journal.pone.0220703.g005
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dissected bees, for both treatments (p<0.01). However, there was no significant difference in
thiamethoxam and clothianidin levels between treatments, either in whole (p = 0.33 and
p = 0.59, respectively) or dissected honey bees (p = 0.19 and p = 0.28, respectively).
Discussion
CBPV in bees cause silent or covert infections until they progress to levels associated with
more obvious pathological symptoms [29,30]. The mechanisms underlying this transition are
not well known. In this study, we found that, when exposed to thiamethoxam, honey bees
infected with CBPV levels mimicking covert infection can develop viral loads known to be
related to clinical signs of CBPV disease. Moreover, exposure to both stressors significantly
reduced the transcription of the immunity gene dorsal-1a, which could explain this develop-
ment of CBPV loads.
We also observed a significant effect of thiamethoxam on syrup intake (Fig 1), which could
be explained by the honey bees attraction for the pesticide, making them drink more of it [59].
We observed the same phenomenon in a previous experiment [48]. This phenomenon could
contribute to higher exposure levels to the pesticide than previously estimated. A similar effect
was observed in CBPV-infected bees alone, but to a lesser extent. In this case, the increase in
syrup consumption could be explained by a higher sugar requirement due to the energy
invested in fighting the infection [60,61]. Such energetic needs could also be involved in detox-
ication processes [62]. The co-exposed bees did not exhibit a higher syrup consumption than
bees exposed solely to thiamethoxam, underlining the absence of interaction between the virus
and the pesticide on this physiological trait.
Fig 6. Metabolisation kinetics of thiamethoxam in bees co-exposed or not to CBPV. The metabolisation of thiamethoxam into clothianidin is shown over
time in bees exposed to thiamethoxam (0.25 ng/bee/day) and infected or not with CBPV (n = 3x20 bees per condition). Means and standard deviations are
shown.
https://doi.org/10.1371/journal.pone.0220703.g006
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We observed that CBPV viral loads in the tested honey bees increased gradually with the
presence of pesticide and at any dose, after exposure to CBPV-infected bees (Fig 3). The CBPV
levels in virus-pesticide co-exposed honey bees were the only ones to exceed the number of
viral copies per bee that is usually related to the development of clinical signs (108 CBPV
genome copies per bee)[29]. Therefore, high CBPV levels in the co-exposure conditions could
result from an interaction between thiamethoxam and CBPV, regardless of the dose. However,
despite the significant increase in CBPV levels, we did not observe a synergistic effect of the
virus/pesticide co-exposure on short-term bee mortality 15 days after exposure (Fig 2). Com-
pared to our previously reported results [48], we found a relatively low impact of CBPV and
of thiamethoxam on survival. This better survival in the present study could be explained by
the use of winter bees instead of summer bees. We used bees from a winter apiary in order to
minimize viral contamination from the natural environment, notably by pollen, and colony
drifting [63,64]. Exposed to natural resources and other colonies, there is no way to obtain
uncontaminated honey bees, especially in summer. The summer honey bees used in our previ-
ous experiment (45) had been selected from the colonies with the lowest viral loads in our
apiary. However, they were still contaminated with about 105 copies per bees of SBV, and
Fig 7. Thiamethoxam and clothianidin levels in whole bees and bees devoid of rectum (n = 20 bees) after 18 days of exposure to 0.25 ng/day/bee
thiamethoxam with or without CBPV. Thiamethoxam and its metabolite (clothianidin) levels are shown in whole bees and dissected bees (rectum excised);
(��) denotes a significant difference (p<0.01) between the clothianidin measurements in whole and dissected bees. Means and standard deviations are shown.
https://doi.org/10.1371/journal.pone.0220703.g007
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between 104 and 106 copies per bees of BQCV. Nevertheless, these viral loads were considered
low, close to the limit of detection of the PCR methods[30]. This difference in the initial viral
loads might not solely explain the differences between both experiments, neither the influence of
SBV and BQCV, since they were found to have effects on brood only [14,22]. To ensure the new
experiment wouldn’t carry those biases, and because the food intake and drifting could not be
controlled during foraging season, we selected the winter period for this new study. Our colonies
were thus kept in the winter apiary and were fed with artificial food. Emerging bees were tested
for viruses and we did not detect any SBV, BQCV, ABPV nor DWV. Winter weather keeping
bees inside also decreases the risk of horizontal contamination through drifting and/or robbing
of foragers between colonies [64]. Consequently, the viral status of the honey bees used for the
experiments was improved, with bees withviral loads below the limit of detection, but physiolog-
ical differences cannot be ruled out between our bees and summer bees. Winter bees notably
have larger fat bodies and possess more phenoloxidase, and have their vitellogenin rates decline
more slowly than summer bees [65–68]; both proteins are known to support a stronger immune
system when at high levels [69]. Moreover, winter honey bees have been previously found to be
less sensitive to pesticides than summer honey bees [70–72]. Further experiments comparing for
example vitellogenin gene transcription levels and fat body size between summer-born, winter-
born (the honey bees used in this study) and true winter honey bees could help confirm or not
this hypothesis. Indeed, our honey bees might not be true winter bees, as they were born during
winter and not before it. Differences between the two experiments may also arise from differ-
ences in bee genetic background [73–75], as different colonies have been used.
In order to explain the mechanisms underlying the increase in CBPV levels after thia-
methoxam exposure, we studied the expression of several genes involved in immunity and
detoxication (Figs 4 and 5). Exposure of honey bees to CBPV alone caused a down-regulation
of immune-related genes, which is contrary to what would be expected in response to a patho-
genic infection (Fig 4). However, a similar effect on vitellogenin gene transcription has been
observed in previous studies, caused by various stresses, including but not limited to viruses
[44,76–78]. Other viruses, such as DWV, have been found to induce a down-regulation of dor-
sal-1a [79]. Nevertheless, we found that the transcription of the tested genes, after five days of
co-exposure to thiamethoxam at 5.0 ng/bee/day and CBPV, were statistically not different
from the observed transcription of the same genes in bees exposed CBPV alone and to the pes-
ticides alone. After ten days, however, the responses after co-exposure corresponded only to
the response found after exposure to the pesticide alone. Indeed it has been shown that, as bees
age, some immune response gene transcriptions fade, and sometimes even stop completely
[80,81], which could explain this absence of reaction to the infection.
Our experiments performed with honey bees exposed only to thiamethoxam did not show
dose-dependent variations in gene transcription, but different, sometimes opposite variations
(Fig 4). For example, the lowest dose of 0.25 ng/bee/day had a significant down-regulating
effect on all tested genes after 10 days of exposure, when 5.0 ng/bee/day had this effect only on
a few (dorsal-1a and cyp6as14 genes). This differential response between two very different
doses could be explained by a phenomenon known as hormesis. Hormesis can be defined as a
biphasic dose-response whereby exposure to low doses of a stressor can stimulate biological
processes more efficiently than high doses [82].
We also found that thiamethoxam down-regulated dorsal-1a and catalase. The down-regu-
lation of dorsal-1a is in accordance, while happening later, with the results of Di Prisco et. al
[15] on clothianidin. Indeed, thiamethoxam toxicity is slightly lower than clothianidin [83,84].
The thiamethoxam 48 h oral lethal dose (LD50) has been estimated to vary between 1.65 ng/
bee and 9.07 ng/bee depending on the European subspecies [73]. Here, even though metaboli-
sation of thiamethoxam to clothianidin is high (Fig 6), we showed that most of the resulting
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clothianidin is excreted in the rectum (Fig 7); then, is not supposed to be toxic for the bee [85].
This down-regulation of dorsal-1a could explain the higher CBPV loads in honey bees exposed
to the pesticides alone. Since bees were not free of CBPV before the experiment, the down-regu-
lation of this immune-related gene would have allowed for this covert infection to develop into
higher viral loads. For another virus, Nazzi et al. [79] showed that DWV down-regulated dorsal-
1a, affecting the NF-κB effector, thus allowing DWV to replicate uncontrollably and reach high
infection levels. Here, we hypothesise that a similar effect might underly the significant increase
in background CBPV infection in bees co-exposed to thiamethoxam. In addition, the down-reg-
ulation of catalase by both stressors (pesticide and virus) is unexpected (Fig 5). One of the roles
of catalase is to protect cells from a dangerous and ubiquitous metabolic byproduct, H2O2 [86].
Indeed, in addition to being a byproduct of xenobiotic metabolisation [86], H2O2 is known to
be produced as an innate response to viral infections in most vertebrates, and insects [87,88].
Nevertheless, we found that the down-regulation of the detoxication-related catalase and
cyp6as14 genes by co-exposure, has no impact on the metabolisation kinetics of thiamethoxam.
This underlines the fact that, under these experimental conditions, the detoxication system
seems relatively more robust than the immune system. The metabolisation of thiamethoxam
could be performed by different enzymes or pathways of the bee midgut [85] that we have not
tested; indeed, the down-regulation of cyp6as14 here suggests that this enzyme has no an impact
on the metabolisation process. CYP450, for example, is a large family of detoxication-related
enzymes, of which a number are present in the honey bee [89]. Further studies are needed to
uncover specifically which detoxication pathways or enzymes play a key role in the detoxication
of this specific neonicotinoid in bees. For instance, a specific P450 enzyme (cyp9q3) has been
found to give bees their relative insensitivity to thiacloprid as compared to imidacloprid [90].
Our results, while interpretable, are also not totally concurring with the literature, and
reflect the difficulty of working on a few single selected genes. More bees might also be needed
to avoid bias brought by inevitable individual variations. In the future, better-suited tools such
as RNAseq should be used to uncover the potential gene expression changes in bees exposed
or co-exposed to both stressors.
In conclusion, the co-exposure to CBPV and thiamethoxam of honey bees from a winter api-
ary had less effect than the previous reported effect on summer honey bees [48]. However, by
using bees with very low initial loads, we showed that low doses of thiamethoxam could trigger
chronic bee paralysis replication in honey bees reaching 108 copies/bees, documented as a thresh-
old where bees start developing symptoms of overt infection [29]. Nevertheless, due to a specific
physiological state, winter bees are usually more tolerant to a variety of stressors, therefore com-
plementary experiments on this co-exposure should be considered on summer bees, taking into
account the compromising between the use of honey bees with the lowest possible viral loads and
environmental relevance. Notably, overt infections with CBPV and thiamethoxam exposure are
much more likely to occur in spring and early summer; even if contamination of wax and stored
food is to take into account, as it was found to be a frequent occurrence [91–95].
Supporting information
S1 Table. Primers used for the quantification of selected honey bee genes and CBPV.
(DOCX)
Acknowledgments
We are grateful to Craig Mark Stevens, professional translator and native English speaker, for
revising the paper.
A neonicotinoid-virus co-exposure in winter honeybees
PLOS ONE | https://doi.org/10.1371/journal.pone.0220703 August 15, 2019 14 / 19
Author Contributions
Conceptualization: Marianne Coulon, Anne Dalmon, Ce´dric Alaux, Magali Ribière-Chabert,
Yves Le Conte, Richard Thie´ry, Eric Dubois.
Data curation: Marianne Coulon, Anne-Claire Martel, Gennaro Di Prisco.
Formal analysis: Marianne Coulon, Anne-Claire Martel, Gennaro Di Prisco.
Funding acquisition: Anne Dalmon, Magali Ribière-Chabert, Yves Le Conte, Richard Thie´ry,
Eric Dubois.
Investigation: Marianne Coulon, Gennaro Di Prisco, Eric Dubois.
Methodology: Marianne Coulon, Gennaro Di Prisco, Anne Dalmon, Ce´dric Alaux, Eric
Dubois.
Project administration: Eric Dubois.
Resources: Frank Schurr, Anne-Claire Martel, Nicolas Cougoule, Adrien Be´gaud, Patrick
Mangoni.
Supervision: Gennaro Di Prisco, Anne Dalmon, Ce´dric Alaux, Magali Ribière-Chabert, Yves
Le Conte, Richard Thie´ry, Eric Dubois.
Validation: Anne Dalmon, Ce´dric Alaux, Yves Le Conte, Richard Thie´ry, Eric Dubois.
Writing – original draft: Marianne Coulon, Gennaro Di Prisco, Eric Dubois.
References
1. Goulson D, Nicholls E, Botı´as C, Rotheray EL. Bee declines driven by combined stress from parasites,
pesticides, and lack of flowers. SciencExpress. 2015; 1–16. https://doi.org/10.1126/science.1255957
PMID: 25721506
2. Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. Global pollinator declines:
Trends, impacts and drivers Global pollinator declines: trends, impacts and drivers. 2010; https://doi.
org/10.1016/j.tree.2010.01.007
3. Genersch E, Aubert M. Emerging and re-emerging viruses of the honey bee (Apis mellifera L.). Vet
Res. 2010; 41: 54. https://doi.org/10.1051/vetres/2010027 PMID: 20423694
4. Chen YP, Siede R. Honey Bee Viruses. Advances in Virus Research. 2007. pp. 33–80. https://doi.org/
10.1016/S0065-3527(07)70002-7 PMID: 17765703
5. Gisder S, Genersch E. Special issue: Honey bee viruses. Viruses. 2015; 7: 5603–5608. https://doi.org/
10.3390/v7102885 PMID: 26702462
6. Brutscher LM, McMenamin AJ, Flenniken ML. The Buzz about Honey Bee Viruses. PLoS Pathog.
2016; 12: 1–7. https://doi.org/10.1371/journal.ppat.1005757 PMID: 27537076
7. de Miranda JR, Genersch E. Deformed wing virus. J Invertebr Pathol. 2010; 103: S48–S61. https://doi.
org/10.1016/j.jip.2009.06.012 PMID: 19909976
8. Di Prisco G, Annoscia D, Margiotta M, Ferrara R, Varricchio P, Zanni V, et al. A mutualistic symbiosis
between a parasitic mite and a pathogenic virus undermines honey bee immunity and health. Proc Natl
Acad Sci. 2016; 113: 3203–3208. https://doi.org/10.1073/pnas.1523515113 PMID: 26951652
9. Dainat B, Evans JD, Chen YP, Gauthier L, Neumann P. Dead or Alive: Deformed Wing Virus and Varroa
destructor Reduce the Life Span of Winter Honeybees. Appl Environ Microbiol. 2012; 78: 981–987.
https://doi.org/10.1128/AEM.06537-11 PMID: 22179240
10. Garrido-Bailon E, Martin-Hernandez R, Bernal J, Bernal JL, Martinez-Salvador A, Barrios L, et al. Short
communication. The detection of Israeli Acute Paralysis virus (IAPV), fipronil and imidacloprid in profes-
sional apiaries are not related with massive honey bee colony loss in Spain. Spanish J Agric Res. 2010;
8: 658–661.
11. Highfield a. C, El Nagar a, Mackinder LCM, Noel LM-LJ, Hall MJ, Martin SJ, et al. Deformed Wing Virus
Implicated in Overwintering Honeybee Colony Losses. Appl Environ Microbiol. 2009; 75: 7212–7220.
https://doi.org/10.1128/AEM.02227-09 PMID: 19783750
A neonicotinoid-virus co-exposure in winter honeybees
PLOS ONE | https://doi.org/10.1371/journal.pone.0220703 August 15, 2019 15 / 19
12. Chevin A, Schurr F, Blanchard P, Thiery R, Ribiere M. Experimental infection of the honeybee (Apis
mellifera L.) with the chronic bee paralysis virus (CBPV): infectivity of naked CBPV RNAs. Virus Res.
2012; 167: 173–178. https://doi.org/10.1016/j.virusres.2012.04.012 PMID: 22583665
13. Sa´nchez-Bayo F, Goulson D, Pennacchio F, Nazzi F, Goka K, Desneux N. Are bee diseases linked to
pesticides?—A brief review. Environ Int. 2016; 89–90: 7–11. https://doi.org/10.1016/j.envint.2016.01.
009 PMID: 26826357
14. Doublet V, Labarussias M, de Miranda JR, Moritz RFA, Paxton RJ. Bees under stress: sublethal doses
of a neonicotinoid pesticide and pathogens interact to elevate honey bee mortality across the life cycle.
Environ Microbiol. 2015; 17: 969–983. https://doi.org/10.1111/1462-2920.12426 PMID: 25611325
15. Di Prisco G, Cavaliere V, Annoscia D, Varricchio P, Caprio E, Nazzi F, et al. Neonicotinoid clothianidin
adversely affects insect immunity and promotes replication of a viral pathogen in honey bees. Proc Natl
Acad Sci U S A. 2013; 110: 18466–18471. https://doi.org/10.1073/pnas.1314923110 PMID: 24145453
16. Brutscher LM, Daughenbaugh KF, Flenniken ML. Antiviral defense mechanisms in honey bees. Curr
Opin Insect Sci. 2015; 2: 1–12. https://doi.org/10.1016/j.cois.2015.04.016
17. Bailey L, Gibbs AJ, Woods RD. Two viruses from adult honey bees (Apis mellifera Linnaeus). Virology.
1963; 21: 390–395. https://doi.org/10.1016/0042-6822(63)90200-9 PMID: 14081363
18. Olivier V, Massou I, Celle O, Blanchard P, Schurr F, Ribiere M, et al. In situ hybridization assays for
localization of the chronic bee paralysis virus in the honey bee (Apis mellifera) brain. J Virol Methods.
2008; 153: 232–237. https://doi.org/10.1016/j.jviromet.2008.06.027 PMID: 18674566
19. Youssef I, Schurr F, Goulet A, Cougoule N, Ribière-Chabert M, Darbon H, et al. RNA 1 and RNA 2
Genomic Segments of Chronic Bee Paralysis Virus Are Infectious and Induce Chronic Bee Paralysis
Disease. J Immunol Res. 2015; 2015: 1–8. https://doi.org/10.1155/2015/423493 PMID: 26583154
20. Celle O, Blanchard P, Olivier V, Schurr F, Cougoule N, Faucon J-P, et al. Detection of Chronic bee
paralysis virus (CBPV) genome and its replicative RNA form in various hosts and possible ways of
spread. Virus Res. 2008; 133: 280–284. https://doi.org/10.1016/j.virusres.2007.12.011 PMID:
18243390
21. Ribière M, Olivier V, Blanchard P. Chronic bee paralysis: A disease and a virus like no other? J Invertebr
Pathol. 2010; 103: S120–S131. https://doi.org/10.1016/j.jip.2009.06.013 PMID: 19909978
22. Aubert M, Ball B, Fries I, Moritz R, Milani N, Bernardinelli I. Virology and the Honey Bee [Internet]. Euro-
pean C. European Commission publications office; 2008. Available: http://www.eurosfaire.prd.fr/7pc/
doc/1262083725_virology_and_the_honey_bee.pdf
23. Johansen CA. Pesticides and pollinators. Annu Rev Entomol. 1977; 22: 177–192. https://doi.org/10.
1146/annurev.en.22.010177.001141
24. Tentcheva D, Gauthier L, Zappulla N, Dainat B, Cousserans F, Colin ME, et al. Prevalence and Sea-
sonal Variations of Six Bee Viruses in Apis mellifera L. and Varroa destructor Mite Populations in
France. Appl Environ Microbiol. 2004; 70: 7185–7191. https://doi.org/10.1128/AEM.70.12.7185-7191.
2004 PMID: 15574916
25. Laurent M, Hendrikx P, Ribière-Chabert M, Chauzat M-P. EPILOBEE: A pan-European epidemiological
study on honeybee colony losses [Internet]. 2015. Available: https://ec.europa.eu/food/sites/food/files/
animals/docs/la_bees_epilobee-report_2012-2014.pdf
26. Forga´ch P, Bakonyi T, Tapaszti Z, Nowotny N, Rusvai M. Prevalence of pathogenic bee viruses in Hun-
garian apiaries: Situation before joining the European Union. J Invertebr Pathol. 2008; 98: 235–238.
https://doi.org/10.1016/j.jip.2007.11.002 PMID: 18155230
27. Bere´nyi O, Bakonyi T, Derakhshifar I, Ko¨glberger H, Nowotny N. Occurrence of Six Honeybee Viruses
in Diseased Austrian Apiaries. Appl Environ Microbiol. 2006; 72: 2414–2420. https://doi.org/10.1128/
AEM.72.4.2414-2420.2006 PMID: 16597939
28. Chauzat MP, Jacques A, consortium EPILOBEE, Laurent M, Bougeard S, Hendrikx P, et al. Risk indica-
tors affecting honeybee colony survival in Europe: one year of surveillance. Apidologie. 2016; 47: 348–
378. https://doi.org/10.1007/s13592-016-0440-z
29. Blanchard P, Ribière M, Celle O, Lallemand P, Schurr F, Olivier V, et al. Evaluation of a real-time two-
step RT-PCR assay for quantitation of Chronic bee paralysis virus (CBPV) genome in experimentally-
infected bee tissues and in life stages of a symptomatic colony. J Virol Methods. 2007; 141: 7–13.
https://doi.org/10.1016/j.jviromet.2006.11.021 PMID: 17166598
30. Schurr F, Tison A, Militano L, Cheviron N, Sircoulomb F, Rivière MP, et al. Validation of quantitative
real-time RT-PCR assays for the detection of six honeybee viruses. J Virol Methods. 2019; 270: 70–78.
https://doi.org/10.1016/j.jviromet.2019.04.020 PMID: 31026560
31. Simon-Delso N, Amaral-Rogers V, Belzunces LP, Bonmatin JM, Chagnon M, Downs C, et al. Systemic
insecticides (neonicotinoids and fipronil): trends, uses, mode of action and metabolites. Environ Sci Pol-
lut Res Int. 2015; 22: 5–34. https://doi.org/10.1007/s11356-014-3470-y PMID: 25233913
A neonicotinoid-virus co-exposure in winter honeybees
PLOS ONE | https://doi.org/10.1371/journal.pone.0220703 August 15, 2019 16 / 19
32. van der Sluijs JP, Simon-Delso N, Goulson D, Maxim L, Bonmatin JM, Belzunces LP. Neonicotinoids,
bee disorders and the sustainability of pollinator services. Curr Opin Environ Sustain. 2013; 5: 293–305.
https://doi.org/10.1016/j.cosust.2013.05.007
33. Botı´as C, David A, Horwood J, Abdul-Sada A, Nicholls E, Hill EM, et al. Neonicotinoid Residues in Wild-
flowers, a Potential Route of Chronic Exposure for Bees. Environ Sci Technol. 2015;
151006133035001. https://doi.org/10.1021/acs.est.5b03459 PMID: 26439915
34. Barganska Z, Slebioda M, Namiesnik J. Pesticide residues levels in honey from apiaries located of
Northern Poland. 2013; 31: 196–201. https://doi.org/10.1016/j.foodcont.2012.09.049
35. Mullin CA, Frazier M, Frazier JL, Ashcraft S, Simonds R, vanEngelsdorp D, et al. High levels of miticides
and systemic agrochemicals in North American beehives: Implications for honey bee health. Abstr Pap
Am Chem Soc. 2010; 239.
36. Nauen R, Ebbinghaus-Kintscher U, Salgado VL, Kaussmann M. Thiamethoxam is a neonicotinoid pre-
cursor converted to clothianidin in insects and plants. Pestic Biochem Physiol. 2003; 76: 55–69. https://
doi.org/10.1016/S0048-3575(03)00065-8
37. Henry M, Beguin M, Requier F, Rollin O, Odoux J-F, Aupinel P, et al. A Common Pesticide Decreases
Foraging Success and Survival in Honey Bees. Science (80-). 2012; 337: 1453–1453. https://doi.org/
10.1126/science.1224930
38. Aliouane Y, El Hassani AK, Gary V, Armengaud C, Lambin M, Gauthier M. Subchronic Exposure of
Honeybees To Sublethal Doses of Pesticides: Effects on Behavior. Environ Toxicol Chem. 2009; 28:
113. https://doi.org/10.1897/08-110.1 PMID: 18700810
39. Catae AF, Roat TC, De Oliveira RA, Ferreira Nocelli RC, Malaspina O. Cytotoxic effects of thia-
methoxam in the midgut and malpighian tubules of Africanized Apis mellifera (Hymenoptera: Apidae).
Microsc Res Tech. 2014; 77: 274–281. https://doi.org/10.1002/jemt.22339 PMID: 24470251
40. Oliveira RA, Roat TC, Carvalho SM, Malaspina O. Side-effects of thiamethoxam on the brain andmidgut
of the africanized honeybee Apis mellifera (Hymenopptera: Apidae). Environ Toxicol. 2014; 29: 1122–
1133. https://doi.org/10.1002/tox.21842 PMID: 23339138
41. Brandt A, Gorenflo A, Siede R, Meixner M, Bu¨chler R. The neonicotinoids thiacloprid, imidacloprid, and
clothianidin affect the immunocompetence of honey bees (Apis mellifera L.). J Insect Physiol. 2016; 86:
40–47. https://doi.org/10.1016/j.jinsphys.2016.01.001 PMID: 26776096
42. Simone M, Evans JD, Spivak M, Simone M, Evans JD, Spivak M. RESIN COLLECTION AND SOCIAL
IMMUNITY IN HONEY BEES. 2016; 63: 3016–3022. https://doi.org/10.1111/j.l558-5646.2009.00772.x
43. Boncristiani HF, Evans JD, Chen YP, Pettis J, Murphy C, Lopez DL, et al. In Vitro Infection of Pupae
with Israeli Acute Paralysis Virus Suggests Disturbance of Transcriptional Homeostasis in Honey Bees
(Apis mellifera). PLoS One. 2013; 8. e7342910.1371/journal.pone.0073429
44. Boncristiani H, Underwood R, Schwarz R, Evans JD, Pettis J, Vanengelsdorp D. Direct effect of acari-
cides on pathogen loads and gene expression levels in honey bees Apis mellifera. J Insect Physiol.
2012; 58: 613–620. https://doi.org/10.1016/j.jinsphys.2011.12.011 PMID: 22212860
45. Mao W, Schuler M a, Berenbaum MR. CYP9Q-mediated detoxification of acaricides in the honey bee
(Apis mellifera). Proc Natl Acad Sci U S A. 2011; 108: 12657–12662. https://doi.org/10.1073/pnas.
1109535108 PMID: 21775671
46. Singh R, Levitt AL, Rajotte EG, Holmes EC, Ostiguy N, VanEngelsdorp D, et al. RNA Viruses in Hyme-
nopteran Pollinators: Evidence of Inter-Taxa Virus Transmission via Pollen and Potential Impact on
Non-Apis Hymenopteran Species. Traveset A, editor. PLoS One. 2010; 5: e14357. https://doi.org/10.
1371/journal.pone.0014357 PMID: 21203504
47. Pain J. NOTE TECHNIQUE NOUVEAU MODELE MAINTIEN D ‘ ABEILLES EN CAPTIVITE. Les Ann
l’Abeille, INRA Ed. 1966; 9: 71–76.
48. Coulon M, Schurr F, Martel AC, Cougoule N, Be´gaud A, Mangoni P, et al. Metabolisation of thia-
methoxam (a neonicotinoid pesticide) and interaction with the Chronic bee paralysis virus in honeybees.
Pestic Biochem Physiol. 2018; 144: 19–26. https://doi.org/10.1016/j.pestbp.2017.10.008
49. Martel A-C, Lair C. Validation of a highly sensitive method for the determination of neonicotinoid insecti-
cides residues in honeybees by liquid chromatography with electrospray tandem mass spectrometry.
Int J Environ Anal Chem. 2011; 91: 978–988. https://doi.org/10.1080/03067310903524822
50. Schurr F, Cougoule N, Rivière M-P, Ribière-Chabert M, Achour H, A´ da´m D, et al. Trueness and preci-
sion of the real-time RT-PCR method for quantifying the chronic bee paralysis virus genome in bee
homogenates evaluated by a comparative inter-laboratory study. J Virol Methods. 2017; 248: 217–225.
https://doi.org/10.1016/j.jviromet.2017.07.013 PMID: 28757385
51. Reim T, Thamm M, Rolke D, Blenau W, Scheiner R, Reim T, et al. Suitability of three common reference
genes for quantitative real-time PCR in honey bees To cite this version: Suitability of three common
A neonicotinoid-virus co-exposure in winter honeybees
PLOS ONE | https://doi.org/10.1371/journal.pone.0220703 August 15, 2019 17 / 19
reference genes for quantitative real-time PCR in honey bees. 2015; https://doi.org/10.1007/s13592-
012-0184-3
52. Efron B. Logistic regression, survival analysis, and the Kaplan-Meier curve. 1988.
53. Pepe MS, Fleming TR. Weighted Kaplan-Meier statistics: a class of distance tests for censored survival
data. Biometrics. 1989; 45: 497–507. https://doi.org/10.1111/1467-9868.00068 PMID: 2765634
54. Bland JM, Altman DG. The logrank test. BMJ. 2004; 328: 1073. https://doi.org/10.1136/bmj.328.7447.
1073 PMID: 15117797
55. Aufauvre J, Biron DG, Vidau C, Fontbonne R, Roudel M, Diogon M, et al. Parasite-insecticide interac-
tions: a case study of Nosema ceranae and fipronil synergy on honeybee. Sci Rep. 2012; 2: 1–7.
https://doi.org/10.1038/srep00326 PMID: 22442753
56. Mcvay JR, Gudauskas RT, Harper JD. Effects of Bacillus thuringiensis Nuclear-Polyhedrosis Virus Mix-
tures on Trichoplusia ni Larvae. J Invertebr Pathol. 1977; 29: 367–372. https://doi.org/10.1016/S0022-
2011(77)80045-1
57. Miranda JR de, Bailey L, Ball B V, Blanchard P, Budge GE, Chejanovsky N, et al. Standard methods for
virus research in Apis mellifera. J Apic Res. 2013; 52: unpaginated. Available: http://www.ibra.org.uk/
categories/JAR-Archive-tables-of-contents https://doi.org/10.3896/IBRA.1.52.1.13 PMID: 24198438
58. Cohen J. Statisical Power Analysis. Curr Dir Psychol Sci. 1992; 1: 98–101.
59. Kessler SC, Tiedeken EJ, Simcock KL, Derveau S, Mitchell J, Softley S, et al. Bees prefer foods con-
taining neonicotinoid pesticides. Nature. 2015; 521: 74–76. https://doi.org/10.1038/nature14414 PMID:
25901684
60. Alaux C, Ducloz F, Crauser D, Le Conte Y. Diet effects on honeybee immunocompetence. Biol Lett.
2010; 6: 562–565. https://doi.org/10.1098/rsbl.2009.0986 PMID: 20089536
61. Evans JD, Spivak M. Socialized medicine: Individual and communal disease barriers in honey bees. J
Invertebr Pathol. 2010; 103: S62–S72. https://doi.org/10.1016/j.jip.2009.06.019 PMID: 19909975
62. Rand EE Du, Smit S, Beukes M, Apostolides Z, Pirk CWW, Nicolson SW. Detoxification mechanisms of
honey bees (Apis mellifera) resulting in tolerance of dietary nicotine. Sci Rep. 2015; 5: 11779. https://
doi.org/10.1038/srep11779 PMID: 26134631
63. Chen Y, Evans J, Feldlaufer M. Horizontal and vertical transmission of viruses in the honey bee, Apis
mellifera in the honey bee, Apis mellifera ଝ. J Invertebr Pathol. 2006; 92. https://doi.org/10.1016/j.jip.
2006.03.010 PMID: 16793058
64. Fries I, Camazine SM. Implications of horizontal and vertical pathogen transmission for honey bee epi-
demiology. Apidologie. 2001; 32: 199–214.
65. Seehuus S-C, Norberg K, Gimsa U, Krekling T, Amdam G V. Reproductive protein protects functionally
sterile honey bee workers from oxidative stress. Proc Natl Acad Sci U S A. 2006; 103: 962–967. https://
doi.org/10.1073/pnas.0502681103 PMID: 16418279
66. Behrends A, Scheiner R. Learning at old age: a study on winter bees. Front Behav Neurosci. 2010; 4:
1–11. https://doi.org/10.3389/neuro.08.001.2010
67. Amdam G.V., Omholt SW. The Regulatory Anatomy of Honeybee Lifespan. J theor Biol. 2002; 216:
209–228. https://doi.org/10.1006/jtbi.2002.2545 PMID: 12079372
68. Erban T, Jedelsky PL, Titera D. Two-dimensional proteomic analysis of honeybee, Apis mellifera, winter
worker hemolymph. Apidologie. 2013; 44: 404–418. https://doi.org/10.1007/s13592-012-0190-5
69. Amdam G V., Simões ZL., Hagen A, Norberg K, Schrøder K, MikkelsenØ, et al. Hormonal control of the
yolk precursor vitellogenin regulates immune function and longevity in honeybees. Exp Gerontol. 2004;
39: 767–773. https://doi.org/10.1016/j.exger.2004.02.010 PMID: 15130671
70. Wahl O, Ulm K. Influence of pollen feeding and physiological condition on pesticide sensitivity of the
honey bee Apis mellifera carnica. Oecologia. 1983; 59: 106–128. https://doi.org/10.1007/BF00388082
PMID: 25024157
71. Smirle MJ, Winston ML. Intercolony Variation in Pesticide Detoxification by the Honey- Bee (Hymenop-
tera, Apidae). J Econ Entomol. 1987; 80: 5–8. https://doi.org/10.1093/jee/80.1.5
72. Decourtye A, Lacassie E, Pham-Dele´gue MH. Learning performances of honeybees (Apis mellifera L)
are differentially affected by imidacloprid according to the season. Pest Manag Sci. 2003; 59: 269–278.
https://doi.org/10.1002/ps.631 PMID: 12639043
73. Laurino D, Manino A, Patetta A, Porporato M. Toxicity of neonicotinoid insecticides on different honey
bee genotypes. Bull Insectology. 2013; 66: 119–126.
74. Rinkevich FD, Margotta JW, Pittman JM, Danka RG, Tarver MR, Ottea J a., et al. Genetics, Synergists,
and Age Affect Insecticide Sensitivity of the Honey Bee, Apis mellifera. PLoS One. 2015; 10: e0139841.
https://doi.org/10.1371/journal.pone.0139841 PMID: 26431171
A neonicotinoid-virus co-exposure in winter honeybees
PLOS ONE | https://doi.org/10.1371/journal.pone.0220703 August 15, 2019 18 / 19
75. Suchail S, Guez D, Belzunces LP. Discrepancy between acute and chronic toxicity induced by imidaclo-
prid and its metabolites in Apis mellifera. Environ Toxicol Chem. 2001; 20: 2482–6. Available: http://
www.ncbi.nlm.nih.gov/pubmed/11699773 PMID: 11699773
76. Koywiwattrakul P, Thompson GJ, Sitthipraneed S, Benjamin P, Maleszka R, Koywiwattrakul P, et al.
Effects of carbon dioxide narcosis on ovary activation and gene expression in worker honeybees, Apis
mellifera Effects of carbon dioxide narcosis on ovary activation and gene expression in worker honey-
bees, Apis mellifera. 2005; 5: 1–10.
77. Amdam G V., Hartfelder K, Norberg K, Hagen A. Altered Physiology in Worker Honey Bees (Hymenop-
tera: Apidae) Infested with the Mite Varroa destructor (Acari: Varroidae): A Factor in Colony Loss During
Overwintering? 2004; https://doi.org/10.1603/0022-0493(2004)097
78. Bordier C, Suchail S, Pioz M, Devaud JM, Collet C, Charreton M, et al. Stress response in honeybees is
associated with changes in task-related physiology and energetic metabolism. J Insect Physiol. 2017;
98: 47–54. https://doi.org/10.1016/j.jinsphys.2016.11.013 PMID: 27908721
79. Nazzi F, Brown SP, Annoscia D, Del Piccolo F, Di Prisco G, Varricchio P, et al. Synergistic Parasite-
Pathogen Interactions Mediated by Host Immunity Can Drive the Collapse of Honeybee Colonies. Plos
Pathog. 2012; 8. e100273510.1371/journal.ppat.1002735
80. Bull JC, Ryabov E V., Prince G, Mead A, Zhang C, Baxter L a., et al. A Strong Immune Response in
Young Adult Honeybees Masks Their Increased Susceptibility to Infection Compared to Older Bees.
PLoS Pathog. 2012; 8: e1003083. https://doi.org/10.1371/journal.ppat.1003083 PMID: 23300441
81. Jefferson JM, Dolstad H a., Sivalingam MD, Snow JW. Barrier Immune Effectors Are Maintained during
Transition from Nurse to Forager in the Honey Bee. PLoS One. 2013; 8. https://doi.org/10.1371/journal.
pone.0054097 PMID: 23320121
82. Cutler GC, Rix RR. Can poisons stimulate bees? Appreciating the potential of hormesis in bee-pesticide
research. Pest Manag Sci. 2015; https://doi.org/10.1002/ps.4042 PMID: 25989135
83. Efsa. Conclusion on the peer review of the pesticide risk assessment for bees for the active substance
thiamethoxam. EFSA J. 2013; 11: 1–68. https://doi.org/10.2903/j.efsa.2013.3067
84. Laurino D, Porporato M, Patetta A, Manino A. Toxicity of neonicotinoid insecticides to honey bees: Lab-
oratory tests. Bull Insectology. 2011; 64: 107–113.
85. du Rand EE, Pirk CWW, Nicolson SW, Apostolides Z. The metabolic fate of nectar nicotine in worker
honey bees. J Insect Physiol. 2017; 98: 14–22. https://doi.org/10.1016/j.jinsphys.2016.10.017 PMID:
27840286
86. Calabrese EJ, Canada AT. Catalase: its role in xenobiotic detoxification. Pharmacol Ther. 1989; 44:
297–307. PMID: 2519346
87. Akaike T. Role of free radicals in viral pathogenesis and mutation. Rev Med Virol. 2001; 11: 87–101.
https://doi.org/10.1002/rmv.303 PMID: 11262528
88. Nappi AJ, Christensen BM. Melanogenesis and associated cytotoxic reactions: Applications to insect
innate immunity. Insect Biochem Mol Biol. 2005; 35: 443–459. https://doi.org/10.1016/j.ibmb.2005.01.
014 PMID: 15804578
89. Berenbaum MR, Johnson RM. Xenobiotic detoxification pathways in honey bees. Curr Opin Insect Sci.
2015; 10: 51–58. https://doi.org/10.1016/j.cois.2015.03.005 PMID: 29588014
90. Manjon C, Troczka BJ, Zaworra M, Beadle K, Randall E, Hertlein G, et al. Unravelling the Molecular
Determinants of Bee Sensitivity to Neonicotinoid Insecticides. Curr Biol. 2018; 28: 1137–1143.e5.
https://doi.org/10.1016/j.cub.2018.02.045 PMID: 29576476
91. Mullin CA, Frazier JL, Pettis JS, Vanengelsdorp D, Frazier M, Ashcraft S, et al. Summary of pesticide
detections in wax samples from North American honey bee colonies. Figshare. 2010; http://dx.doi.org/
10.1371/journal.pone.0009754.t001
92. Mullin CA, Frazier JL, Pettis JS, Vanengelsdorp D, Frazier M, Ashcraft S, et al. Pesticide incidence in
749 wax, pollen and bee samples from North American honey bee colonies. Figshare. 2010; http://dx.
doi.org/10.1371/journal.pone.0009754.t004
93. Chauzat M-P, Faucon J-P, Martel A-C, Lachaize J, Cougoule N, Aubert M. A survey of pesticide resi-
dues in pollen loads collected by honey bees in France. J Econ Entomol. 2006; 99: 253–262. https://doi.
org/10.1603/0022-0493-99.2.253 PMID: 16686121
94. Chauzat M-P, Martel A-C, Cougoule N, Porta P, Lachaize J, Zeggane S, et al. AN ASSESSMENT OF
HONEYBEE COLONY MATRICES, APIS MELLIFERA (HYMENOPTERA APIDAE) TO MONITOR
PESTICIDE PRESENCE IN CONTINENTAL FRANCE. Environ Toxicol Chem. 2011; 30: 103–111.
https://doi.org/10.1002/etc.361 PMID: 20853451
95. Simon-Delso N, San Martin G, Bruneau E, Minsart LA, Mouret C, Hautier L. Honeybee Colony Disorder
in Crop Areas: The Role of Pesticides and Viruses. PLoS One. 2014;9. e103073 https://doi.org/10.
1371/journal.pone.0103073
A neonicotinoid-virus co-exposure in winter honeybees
PLOS ONE | https://doi.org/10.1371/journal.pone.0220703 August 15, 2019 19 / 19
